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In terms of mass generation in the strong interaction without chiral symmetry breaking, we
perform the first study for light scalar-quarks φ (colored scalar particles with 3c or idealized diquarks)
and their color-singlet hadronic states using quenched SU(3)c lattice QCD with β = 5.70 (i.e.,
a ≃ 0.18fm) and lattice size 163 × 32. We investigate “scalar-quark mesons” φ†φ and “scalar-quark
baryons” φφφ as the bound states of scalar-quarks φ. We also investigate the color-singlet bound
states of scalar-quarks φ and quarks ψ, i.e., φ†ψ, ψψφ and φφψ, which we name “chimera hadrons”.
All the new-type hadrons including φ are found to have a large mass even for zero bare scalar-quark
mass mφ = 0 at a
−1
≃ 1GeV. We find “constituent scalar-quark/quark picture” for both scalar-
quark hadrons and chimera hadrons. Namely, the mass of the new-type hadron composed of m
φ’s and n ψ’s, Mmφ+nψ, approximately satisfies Mmφ+nψ ≃ mMφ + nMψ, where Mφ and Mψ are
the constituent scalar-quark and quark masses, respectively. We estimate the constituent scalar-
quark mass Mφ for mφ = 0 at a
−1
≃ 1GeV as Mφ ≃ 1.5-1.6GeV, which is much larger than the
constituent quark mass Mψ ≃ 400MeV in chiral limit. Thus, scalar-quarks acquire a large mass due
to large quantum corrections by gluons in the systems including scalar-quarks. Together with other
evidences of mass generation of glueballs and charmonia, we conjecture that all colored particles
generally acquire a large effective mass due to dressed gluon effects. In addition, the large mass
generation of point-like colored scalar particles indicates that plausible diquarks used in effective
hadron models cannot be described as the point-like particles and should have a much larger size
than a ≃ 0.2fm.
PACS numbers: 12.38.Gc, 14.80.-j, 14.80.Ly
I. INTRODUCTION
The origin of mass is one of the fundamental and fas-
cinating subjects in physics for a long time. A stan-
dard interpretation of mass origin is the Yukawa interac-
tion with the Higgs field [1], of which observation is one
of the most important aims of the Large Hadron Col-
lider (LHC) experiment at CERN. However, the mass of
Higgs origin is only about 1% of total mass in the world,
because the Higgs interaction only provides the current
quark mass (less than 10MeV for light quarks) and the
lepton mass (0.51MeV for electrons) [2]. On the other
hand, apart from unknown dark matter, about 99% of
mass of matter in the world originates from the strong
interaction, which actually provides the large constituent
quark mass Mψ = (300 − 400)MeV [3]. Such a dynami-
cal fermion-mass generation in the strong interaction can
be interpreted as spontaneous breaking of chiral symme-
try, which was first pointed out by Y. Nambu et al. [4].
According to the chiral symmetry breaking, light quarks
are considered to have a large constituent quark mass of
about 400MeV [5, 6]. In terms of the mass-generation
mechanism, it is interesting to investigate high density
and/or high temperature systems, because chiral sym-
metry is expected to be restored in the system [7, 8, 9].
Several theoretical studies suggest that such a restoration
affects the hadron nature [8, 9, 10, 11]. Actually, the ex-
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periments at CERN SPS [12] and KEK [13] indicate the
change of nature of the vector mesons ρ, ω and φ in finite
density system. These experiments are important for the
study of the mass generation originated from chiral sym-
metry breaking. In this way, the origin of mass and its
related topics, including the Higgs-particle search at LHC
and chiral symmetry breaking in QCD, are energetically
studied in both sides of theories and experiments.
Then, a question arises: Is there any mechanism of dy-
namical mass generation without chiral symmetry break-
ing? To answer this question, we note the following ex-
amples supporting the existence of such a mechanism.
One example is gluons, i.e., colored vector particles in
QCD. While the gluon is massless in perturbation QCD,
non-perturbative effects due to the self-interaction of glu-
ons seem to generate a large effective gluon mass as
(0.5−1.0)GeV, which is measured in lattice QCD [14, 15].
Actually, glueballs, which are composed of gluons, have a
large mass, e.g., about 1.5GeV [16, 17] even for the light-
est glueball (JPC = 0++), and the scalar meson f0(1500)
is one of the candidate of the lowest 0++ glueball in ex-
perimental side [2]. Another example is charm quarks.
The current mass of charm quarks is about 1.2GeV at the
renormalization point µ = 1GeV [2]. In the quark model,
however, the constituent charm-quark mass which repro-
duces masses of charmonia is set to be about 1.6GeV
[3]. The about 400MeV difference between the current
and the constituent charm-quarkmasses can be explained
as dynamical mass generation without chiral symmetry
breaking, since there is no chiral symmetry for such a
heavy-quark system.
2These examples suggest that there is another type of
mass generation without chiral symmetry breaking and
the Higgs mechanism. Then, we conjecture that, even
without chiral symmetry breaking, large dynamical mass
generation generally occurs in the strong interaction, i.e.,
all colored particles have a large effective mass generated
by dressed gluon effects. This is one of the main motiva-
tions of the present study on the mass generation of the
hadronic systems including light scalar-quarks, which do
not have the chiral symmetry.
The study is also motivated by the “diquark picture”
of hadrons [18, 19, 20, 21]. The diquark is made of
two quarks which are strongly correlated in color anti-
triplet 3¯ channel, where the one-gluon-exchange interac-
tion between two quarks is most attractive. Sometimes,
diquarks are treated as point-like objects or local boson
fields. Degrees of freedom of diquarks seems to be im-
portant in some aspects of hadron physics. For exam-
ple, nucleon structure functions can be explained by the
model in which nucleon is the admixture of a diquark and
a quark [18, 19]. Diquarks are also important for hadron
spectra [20, 21]. In an extremely high density system,
diquark condensation is considered to appear due to the
attractive interaction of one-gluon exchange in color 3¯
channel. Such a phase is called color superconductivity
phase [22, 23] and it may exist in the interior of neu-
tron stars. However, the properties of diquarks such as
the size and the mass are not well understood, in spite
of the frequent use of diquarks in hadron physics. We
note that point-like limit of diquarks in color 3¯ channel
can be regarded as the scalar-quark in fundamental rep-
resentation of SU(3)c in scalar QCD [24]. Therefore, the
theoretical study of scalar-quarks with a reliable method
is expected to be a good test place to check the validity
of the point-like diquark picture.
In this paper, according to these motivations, we study
the light scalar-quark belonging to the fundamental rep-
resentation of SU(3)c, and their color-singlet hadronic
states using quenched SU(3)c lattice QCD [25]. We inves-
tigate “scalar-quark hadrons”, which are the color-singlet
bound states of scalar-quarks φ, and “chimera hadrons”,
which are the bound states of φ and (ordinary) quarks ψ.
Using the standard technique of the lattice gauge theory,
we calculate the temporal correlators of these new-type
hadrons at the quenched level, and extract their mass of
the lowest energy state from the correlators. As a result,
we find a large mass of the hadron including scalar-quarks
φ. Also we find the “constituent scalar-quark/quark pic-
ture” for all the new-type hadrons. Namely, the mass of
the new-type hadron which is composed of m φ’s and n
ψ’s, Mmφ+nψ, satisfies Mmφ+nψ ≃ mMφ + nMψ, where
Mφ and Mψ are the constituent scalar-quark and quark
masses, respectively. The constituent scalar-quark mass
Mφ estimated from the masses of these new-type hadrons
is found to be much larger than the constituent quark
mass Mψ ≃ 400MeV for light quarks. This result sug-
gests that, in the system of colored scalar particles, there
occurs large mass generation in the strong interaction
without chiral symmetry breaking.
The article is organized as follows. In Sec. II,
the new states including scalar-quarks, “scalar-quark
hadrons” and “chimera hadrons”, are introduced. In
Sec. III, we present the formalism of lattice QCD in-
cluding scalar-quarks, the setup of the lattice calcula-
tions, and the method to extract the masses of the new-
type hadrons. In Sec. IV, we show the numerical results
of the scalar-quark hadrons, i.e., scalar-quark mesons
φ†φ and scalar-quark baryons φφφ, and investigate the
constituent scalar-quark picture and mass generation of
scalar-quarks. In Sec. V, we show the numerical results
of the chimera hadrons, i.e., chimera mesons φ†ψ and
chimera baryons ψψφ and φφψ, and analyse them in
terms of the constituent scalar-quark/quark picture and
their structure. Sec. VI is devoted to conclusion and dis-
cussion.
II. NEW STATES INCLUDING
SCALAR-QUARKS: SCALAR-QUARK
HADRONS AND CHIMERA HADRONS
In this section, we explain the new-type hadrons in-
troduced in this study: various color-singlet systems in-
cluding light scalar-quarks φ. We call the color-singlet
state composed only of scalar-quarks φ as a “scalar-
quark hadron”: the scalar-quark meson is composed of
a scalar-quark and an anti-scalar-quark, φ†φ, and the
scalar-quark baryon is made of three scalar-quarks, φφφ.
The scalar-quark meson fieldMs(x) and the scalar-quark
baryon field Bs(x) can be expressed by gauge-invariant
local operators as
Ms(x) = Γ
ij
Mφ
†i
a (x)φ
j
a(x), (1)
Bs(x) = Γ
ijk
B ǫabcφ
i
a(x)φ
j
b(x)φ
k
c (x), (2)
where the scalar-quark field φa(x) (a=1,2,3) belongs to
the fundamental (3c) representation of SU(3)c. In above
equations, a, b and c denote the color indices, and ǫabc is
the antisymmetric tensor for color indices. Here, we have
generally introduced different species of scalar-quarks,
which leads to the “scalar-quark flavor” degrees of free-
dom. In Eqs.(1) and (2), i, j and k denote the scalar-
quark flavor indices, and ΓijM and Γ
ijk
B are some tensors
on the scalar-quark flavor. We note that, for the local-
operator description of scalar-quark baryons, the number
N scalarf of the scalar-quark flavor should be N
scalar
f ≥ 3.
Actually, for N scalarf ≤ 2, the local scalar-quark baryon
operator vanishes due to the antisymmetric tensor ǫabc,
although a non-local operator description is possible for
scalar-quark baryons. In contrast, scalar-quark mesons
can be described with local operators at any number of
N scalarf (≥ 1).
We call the color-singlet state made of scalar-quarks φ
and (ordinary) quarks ψ as a “chimera hadron”: chimera
mesons φ†ψ and chimera baryons, ψψφ and φφψ. The
chimera meson field CαM (x) and the chimera baryon field,
3TABLE I: Summary table of new-type hadrons, i.e., scalar-quark hadrons and chimera hadrons. Names, Lorentz properties
and gauge-invariant local operators used for our lattice calculation are listed. The indices i, j and k denote the scalar-quark
flavor degrees of freedom. ΓijM , Γ
ijk
B and Γ
ij
B are some tensors on the scalar-quark flavor.
Names Lorentz properties Local operators
Scalar-quark meson (φ†φ) Scalar Ms(x) = Γ
ij
Mφ
†i
a (x)φ
j
a(x)
Scalar-quark baryon (φφφ) Scalar Bs(x) = Γ
ijk
B ǫabcφ
i
a(x)φ
j
b(x)φ
k
c (x)
Chimera meson (φ†ψ) Spinor CαM (x) = φ
†
a(x)ψ
α
a (x)
Chimera baryon (ψψφ) Scalar CB(x) = ǫabc(ψa
T (x)Cγ5ψb(x))φc(x)
Chimera baryon (φφψ) Spinor CαB(x) = Γ
ij
Bǫabcφ
i
a(x)φ
j
b(x)ψ
α
c (x)
CB(x) and C
α
B(x), can be expressed by gauge-invariant
local operators as
CαM (x) = φ
†
a(x)ψ
α
a (x), (3)
CB(x) = ǫabc(ψ
T
a (x)Cγ5ψb(x))φc(x), (4)
CαB(x) = Γ
ij
Bǫabcφ
i
a(x)φ
j
b(x)ψ
α
c (x), (5)
where α denotes the spinor index. ΓijB is some tensor on
the scalar-quark flavor. We also note that, for the local-
operator description of the φφψ-type chimera baryon, the
scalar-quark number N scalarf is to be N
scalar
f ≥ 2. For
N scalarf = 1, the local operator of the φφψ-type chimera
baryon vanishes due to the antisymmetric tensor ǫabc like
the scalar-quark baryon case, although a non-local oper-
ator description is possible. On the other hand, chimera
mesons φ†ψ and chimera baryons ψψφ can be described
with local operators at any number of N scalarf (≥ 1).
We comment on the single-flavor case of the scalar-
quark. In this case, from the symmetric property of
bosons φ and the anti-symmetric property on the color
quantum number, the space-time coordinates of bosons φ
are to be anti-symmetrized in scalar-quark baryons φφφ
and chimera baryons φφψ, and therefore the local op-
erators for these hadrons inevitably vanish, as explained
above. In fact, scalar-quark baryons and chimera baryons
are expressed with anti-symmetric functions χ(xi) as
Bs ∼ ǫabc
∑
x1,x2,x3
χ(x1, x2, x3)φa(x1)φb(x2)φc(x3), (6)
CαB ∼ ǫabc
∑
x1,x2
χ(x1, x2)φa(x1)φb(x2)ψ
α
c , (7)
which are not local form and should be constructed in
a gauge-invariant manner [26, 27]. However, the states
anti-symmetrized on the space-time coordinates of φ are
expected to be rather heavy, since the one or two scalar-
quarks in those hadrons are not in the lowest S-wave state
in a single-particle picture. (This situation is similar to
the early stage of the quark model and the introduction of
“color” quantum number for quarks by Han and Nambu
[28].) Therefore, we consider the multi-flavor case and
use the local operators for φφφ and φφψ in Eqs.(2) and
(5), since these operators are expected to couple with
the lowest state in each channel, which is suitable for the
investigation of the mass generation of scalar-quarks.
In Fig. 1, we show the diagrams for scalar-quark
hadrons, corresponding to the two-point correlator of
FIG. 1: Diagrams for scalar-quark hadrons, corresponding
to (a) the two-point correlator of scalar-quark mesons (φ†φ)
and (b) that of scalar-quark baryons (φφφ). The dotted line
denotes the scalar-quark φ, and the arrow denotes the cur-
rent of the color in fundamental representation. As for the
scalar-quark meson, we only consider the connected diagram,
i.e., non-singlet states of the scalar-quark flavor. For scalar-
quark baryons, no disconnected diagram appears because of
the color conservation.
FIG. 2: Diagrams for chimera hadrons corresponding to (a)
the two-point correlator of chimera mesons (φ†ψ) and (b)
that of chimera baryons (ψψφ and φφψ). The dotted line
corresponds to the scalar-quark φ and the solid line corre-
sponds to the (ordinary) quark ψ. For chimera mesons and
chimera baryons, no disconnected diagram appears because
of the color and the quark-number conservation.
scalar-quark mesons (φ†φ) and that of scalar-quark
baryons (φφφ). The dotted line denotes the scalar-quark
φ, and the arrow denotes the current of the color in funda-
mental representation. For scalar-quark mesons, we only
investigate non-singlet states of the scalar-quark flavor,
and therefore the disconnected diagram does not appear
in our calculation. For scalar-quark baryons, no discon-
nected diagram appears at the quenched level like ordi-
nary baryons, because of the conservation law of the color
quantum number. (Note that the scalar-quark φ belongs
to the fundamental representation, 3c.)
In Fig. 2, we show the diagrams for chimera hadrons,
corresponding to the two-point correlator of the chimera
meson (φ†ψ) and that of the chimera baryon (ψψφ and
φφψ). The dotted line corresponds to the scalar-quark φ
and the solid line corresponds to the (ordinary) quark ψ.
Also for chimera mesons and chimera baryons, no discon-
4nected diagram appears at the quenched level, because of
the conservation law of the color quantum number and
the quark number. In fact, disconnected diagrams ap-
pears only for the flavor-singlet scalar-quark meson.
We note that the statistical property for these new-
type hadrons is rather different from that for ordinary
hadrons. For example, the scalar-quark baryon φφφ is
a boson and the chimera meson φ†ψ is a fermion, while
ordinary baryons are fermions and ordinary mesons are
bosons. In Table I, we summarize the names, Lorentz
properties and gauge-invariant local operators for the
new-type hadrons.
We study the mass generation of scalar-quarks by in-
vestigating the various color-singlet systems including
scalar-quarks in the lattice gauge theory.
III. FORMALISM AND SETUP OF LATTICE
QCD FOR SCALAR-QUARKS
In this section, we present the lattice QCD formalism
for scalar-quarks and the setup for the actual calculation.
To include scalar-quarks φ together with quarks ψ and
gluons Aµ ≡ A
a
µT
a in QCD, we adopt the generalized
QCD Lagrangian density
L = −
1
4
GaµνG
aµν + LF + LSQ, (8)
LF = ψ¯(i /D −mψ)ψ, (9)
LSQ = tr (Dµφ)
†(Dµφ) −m2φ tr φ
†φ, (10)
in the continuum limit in the Minkowski space. Here,
the scalar-quark field tφ = (φ1, φ2, φ3)c belongs to the
fundamental (3c) representation of the color SU(3) like
the quark field tψ = (ψ1, ψ2, ψ3)c. mψ is the bare mass of
quarks and is expressed as a diagonal matrix in the flavor
space. Similarly, mφ is the bare mass of scalar-quarks,
and is expressed as a diagonal matrix in the scalar-quark
flavor space. In this study, all the quarks are taken to
have the same bare mass mψ, and all the scalar-quarks
are taken to have the same bare scalar-quark mass mφ.
Gaµν denotes the field strength tensor defined as
Gaµν ≡ ∂µA
a
ν − ∂νA
a
µ + gf
abcAbµA
c
ν , (11)
where fabc is the structure constant of SU(3)c and /D ≡
γµDµ denotes the covariant derivative,
Dµ ≡ ∂µ − igAµ. (12)
In the lattice calculation, we discretize this action in
the Euclidean metric. For the gluon sector, we adopt the
standard plaquette action [29],
SG ≡
β
Nc
∑
x,µ,ν
ReTr{1− Pµν(x)}, (13)
with β ≡ 2Nc/g
2. The plaquette Pµν(x) is given by
Pµν(x) ≡ Uµ(x)Uν(x+ µˆ)U
†
µ(x+ νˆ)U
†
ν (x), (14)
where Uµ(x) ∈ SU(Nc) is the link variable, correspond-
ing to the gluon field as Uµ(x) ≃ exp(iagAµ(x)) near
the continuum limit. µˆ denotes the unit vector of the
direction µ on the lattice.
For the quark part, we use the Wilson fermion action
[29],
SF ≡
∑
x,y
ψ¯(x)K(x, y)ψ(y),
K(x, y) ≡ δx,y − κ
∑
µ
{(1− γµ)Uµ(x)δx+µˆ,y
+(1+ γµ)U
†
µ(y)δx,y+µˆ}, (15)
where κ is the hopping parameter related to the bare
quark mass mψ. The Wilson fermion action includes
O(a) discretization error, which can be reduced by us-
ing the O(a)-improved fermion action [30, 31].
For scalar-quarks, we take the local and simplest
gauge-invariant action,
SSQ ≡
∑
x,y
φ†(x){−
∑
µ
(δx+µˆ,yUµ(x) + δx−µˆ,yUµ
†(y)
−2δxy1) +m
2
φδxy1}φ(y).(16)
Note that the scalar-quark action only includes O(a2)
discretization error, which is the same order of that in
the gauge action and is higher order than that of the
Wilson fermion action. In contrast to the fermion case,
the indirect bare-mass parameter such as κ for quarks is
not needed to calculate the scalar-quark system, since no
doubler appears and the Wilson term is not necessary for
the scalar field. Therefore, we can directly use the bare
mass mφ for the lattice calculation of scalar-quarks.
In this lattice action, the scalar-quark φ is introduced
as a local field on the lattice with spacing a, and there-
fore the scalar-quark φ can be regarded as an elementary
local field at the renormalization point a−1 or a point-like
(composite) object with the intrinsic size of O(a). When
the scalar-quark φ is identified as a diquark, the scalar-
quark φ should be interpreted as an effective degrees of
freedom like an idealized point-like diquark with the size
of O(a).
Here, we comment on the bare mass of the scalar-
quark. As is well-known, the current quark mass is in-
duced by the interaction with the Higgs scalar field, but
appears as a bare parameter in QCD. Similarly, the bare
mass mφ of the scalar-quark can be regarded as an effec-
tive mass at the scale of a in the lattice gauge theory, and
mφ may be induced by an underlying interaction except
for QCD, e.g., mφ may appear as the mean-field value
in the φ4 theory. In fact, once the scalar-quark field φ
with the bare mass mφ at the renormalization scale a
is given, the effect of the gluon interaction during the
propagation of scalar-quarks in the gluonic medium can
be investigated in the quenched lattice gauge theory.
We choose β ≡ 2Nc/g
2 = 5.70, which corresponds to
the lattice spacing a ≃ 0.18fm ≃ (1.1GeV)−1 [26]. One
of the reason to adopt the coarse lattice a ≃ 0.2fm is to
5investigate the idealized point-like diquark with a possi-
ble extension of about 0.2fm. We adopt 163× 32 lattice,
which corresponds to the spatial volume V ≃ (2.9fm)3.
The number of the gauge configurations Nconf is 100.
We take the configurations every 500 sweeps after 20,000
sweeps for thermalization. For the bare scalar-quark
mass, mφ = 0.0, 0.11, 0.22 and 0.33GeV are adopted.
For the bare quark mass, we take the hopping param-
eters κ = 0.1650, 0.1625 and 0.1600. The corresponding
bare quark massesmψ are roughly estimated as 0.09, 0.14
and 0.19GeV [32, 33], if one uses the tree-level relation
2mψa = 1/κ − 1/κc, where κc = 0.1694 is the critical
hopping parameter where pion is massless. These pa-
rameters are summarized in Table II. In Table III, the
masses of pions, ρ mesons and nucleons calculated on our
lattice are shown for each hopping parameter κ, together
with the rough estimate of bare quark masses mψ. In
this paper, we adopt the jackknife error estimate for the
lattice results.
We calculate the following temporal correlator G(t) of
the hadronic operator O(x, t),
G(t) ≡
1
V
∑
~x
〈O(~x, t)O†(~0, 0)〉, (17)
where the total momentum is projected to be zero. To
extract the lowest-state mass M0 of a hadron, we fit the
temporal correlator by the single exponential function
Gfit(t) ≡ A exp(−M0t) in the region [tmin, tmax] where
the lowest energy state dominates. For the determination
of the fit range, we construct so-called effective mass,
meff(t) ≡ ln
G(t)
G(t+ 1)
. (18)
If G(t) is dominated by the lowest state with mass M0
in a certain region for large t, then meff(t) ≃ M0 for
the t region. In other words, if there is a plateau region
of meff(t) for large t, the correlator is dominated by the
lowest energy state for the t region. Therefore, we set the
fit region [tmin, tmax] of the correlator from the plateau
region [tmin, tmax−1] of the effective mass. Figure 3 is the
examples of effective masses for (a) scalar-quark mesons
φ†φ, (b) scalar-quark baryons φφφ, (c) chimera mesons
φ†ψ, (d) chimera baryons ψψφ and (e) chimera baryons
φφψ. In these effective masses, we can see the plateau
regions. We note here that error estimate is done by the
jackknife method for all the data in this study.
In this way, using the standard lattice QCD technique,
we can extract the lowest mass for the new-type hadrons
including scalar-quarks like the ordinary hadrons.
IV. RESULTS FOR SCALAR-QUARK
HADRONS
In this section, we show lattice results for the mass of
scalar-quark hadrons, namely, scalar-quark mesons φ†φ
and scalar-quark baryons φφφ. Figure 4(a) shows the
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FIG. 3: Typical examples of effective mass plots for (a) scalar-
quark mesons φ†φ, (b) scalar-quark baryons φφφ, (c) chimera
mesons φ†ψ, (d) chimera baryons ψψφ and (e) chimera
baryons φφψ. In the figure, the bare scalar-quark mass mφ
for scalar-quark hadrons and chimera hadrons is mφ = 0 and
the pion mass Mpi for chimera hadrons is Mpi = 0.75GeV.
The unit of horizontal axis is lattice spacing a and that of
vertical axis is a−1. For large t, there is a plateau region
and the correlator G(t) for the scalar-quark meson is fitted in
the corresponding region by single exponential function. The
vertical dashed lines denote the fit ranges of corresponding
correlators.
scalar-quark meson mass Mφ†φ plotted against the bare
scalar-quark mass mφ. In Fig. 4(a), we find a large
mass of about 3GeV for the scalar-quark meson, even
for zero bare scalar-quark mass, mφ = 0. This scalar-
quark meson mass is rather large compared to the ordi-
nary low-lying mesons composed of light quarks. Figure
4(b) shows the scalar-quark baryon mass Mφφφ plotted
against mφ. In Fig. 4(b), we find also a large mass of
about 4.7GeV for the scalar-quark baryon, even for zero
bare scalar-quark mass. The numerical data for these
figures are listed in Table IV.
From the data of these scalar-quark hadrons, the “con-
stituent scalar-quark picture” seems to be satisfied, i.e.,
Mφ†φ ≃ 2Mφ and Mφφφ ≃ 3Mφ, where Mφ is the con-
stituent (dynamically generated) scalar-quark mass and
is 1.5-1.6GeV. Thus, in the scalar-quark hadron systems,
there occurs large mass generation of scalar-quarks (large
quantum correction to the bare scalar-quark mass) in the
strong interaction without chiral symmetry breaking.
In the quark system, the propagator of quarks at
6TABLE II: Parameters and relevant quantities in the lattice QCD calculation. The lattice spacing a−1 is set by the string
tension σ ≃ (427MeV)2 [26].
β Lattice size a−1 Nconf bare scalar-quark mass mφ κ
5.70 163 × 32 1.1 GeV 100 0.00, 0.11, 0.22, 0.33GeV 0.1650, 0.1625, 0.1600
TABLE III: Masses of π (pseudoscalar meson), ρ (vector meson) and N (nucleon) calculated on the lattice for each hopping
parameter κ. The error estimate is done by the jackknife method. χ2 per degrees of freedom Ndf and the rough estimate of
the bare quark mass mψ are added. The unit is GeV.
κ Mpi (χ
2/Ndf) Mρ (χ
2/Ndf) MN (χ
2/Ndf) mψ
0.1650 0.4926±0.0036 (0.748) 0.7177±0.0091 (2.772) 1.1551±0.0021 (1.426) 0.087
0.1625 0.6303±0.0035 (0.599) 0.7969±0.0063 (1.462) 1.2934±0.0017 (0.627) 0.14
0.1600 0.7510±0.0036 (0.715) 0.8791±0.0053 (0.955) 1.4453±0.0013 (0.817) 0.19
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FIG. 4: (a) The scalar-quark meson mass Mφ†φ and (b)
the scalar-quark baryon mass Mφφφ plotted against the bare
scalar-quark mass mφ. Even at mφ = 0, a large masses of
about 3GeV and 4.7GeV are observed for the scalar-quark
meson and the scalar-quark baryon, respectively. (c) The
scalar-meson mass squared M2
φ†φ
and (d) the scalar-quark
baryon mass squared M2φφφ plotted against m
2
φ in both cases
of m2φ ≥ 0 and m
2
φ < 0. Calculations can be performed even
with m2φ ≤ 0. Almost linear m
2
φ-dependence is observed for
both scalar-quark mesons and scalar-quark baryons.
mψ = 0 cannot be calculated practically in lattice QCD
simulations. However, in the scalar-quark system, we
can calculate the propagator of scalar-quarks even at
mφ = 0. Figures 4(c) and 4(d) show the scalar-quark
meson mass squaredM2φ†φ and scalar-quark baryon mass
squared M2φφφ including the results for m
2
φ < 0 plotted
against m2φ. Table V shows the lattice data for m
2
φ < 0.
As a remarkable fact, the lattice calculation can be per-
formed even with m2φ < 0, because the large quantum
correction makes the hadron masses positive even with
such a “tachyonic” bare scalar-quark mass.
In Figs. 4(c) and 4(d), we find the linear m2φ-
dependence of M2φ†φ and M
2
φφφ. More precisely, we find
the approximate relations
M2φ†φ ≃ 4m
2
φ + const. (19)
and
M2φφφ ≃ 9m
2
φ + const. (20)
These relations can be naturally explained with the quan-
tum correction for the scalar field as
M2φ ≃ m
2
φ +Σφ, (21)
together with the “constituent scalar-quark picture” as
Mφ†φ ≃ 2Mφ and Mφφφ ≃ 3Mφ. Here, Σφ denotes
the self-energy of the scalar-quark field φ, and its mφ-
dependence is expected to be rather small for the region
of |m2φ| ≪ Σφ. Note that Eq.(21) is the natural relation
between the renormalized mass and the bare mass for
scalar particles.
Figures 5(a) and 5(b) show M2φ†φ and M
2
φφφ plotted
against the bare scalar-quark mass squared m2φ including
the negative region as m2φ ≥ −(1.2GeV)
2. Note again
that we can perform the lattice calculation even for some
negative-value region of m2φ due to the large quantum
correction, i.e., the large self-energy Σφ. The calculation
breaks down technically at about m2φ ≃ −(1.2GeV)
2,
where the scalar-quark hadron masses becomes almost
zero. In the actual lattice calculation, the iteration pro-
cess for obtaining the scalar-quark propagator does not
converge in the region about m2φ < −(1.2GeV)
2.
To enforce the validity of the constituent scalar-quark
picture, we show in Fig. 5(c) the ratio of the scalar-quark
baryon massMφφφ to the scalar-quark meson massMφ†φ,
i.e., Mφφφ/Mφ†φ, plotted against the bare scalar-quark
mass m2φ. Except for the large negative region of m
2
φ, we
find the relation of the constituent scalar-quark picture
as
Mφφφ
Mφ†φ
≃ 1.5(=
3
2
), (22)
where 3/2 is the ratio of the “constituent number” of the
scalar-quarks in the new-type hadrons.
7TABLE IV: The mass of scalar-quark hadrons: scalar-quark mesons φ†φ and scalar-quark baryons φφφ in term of the bare
scalar-quark mass mφ at a
−1 ≃ 1.1GeV. Mφ†φ and Mφφφ denote their mass. The unit of mass is GeV. χ
2 over degrees of
freedom Ndf and fit ranges are also listed. The error estimate is done by the jackknife method.
mφ Mφ†φ (χ
2/Ndf , [fit range]) Mφφφ (χ
2/Ndf , [fit range])
0 3.016±0.0039 (0.875, [7-14]) 4.697±0.0096 (0.403, [7-15])
0.11 3.025±0.0039 (0.878, [7-14]) 4.711±0.0096 (0.407, [7-15])
0.22 3.052±0.0039 (0.886, [7-14]) 4.751±0.0095 (0.417, [7-15])
0.33 3.095±0.0038 (0.899, [7-14]) 4.818±0.0094 (0.435, [7-15])
TABLE V: The mass of scalar-quark hadrons in the region of m2φ < 0. The unit of mass is GeV. Notations are the same as
those in Table IV.
m2φ Mφ†φ (χ
2/Ndf , [fit range]) Mφφφ (χ
2/Ndf , [fit range])
−(0.11)2 3.007±0.0039 (0.873, [7-14]) 4.684±0.0096 (0.400, [7-15])
−(0.22)2 2.979±0.0039 (0.864, [7-14]) 4.642±0.0097 (0.390, [7-15])
−(0.33)2 2.932±0.0040 (0.847, [7-14]) 4.571±0.0098 (0.372, [7-15])
−(0.55)2 2.780±0.0041 (0.787, [7-14]) 4.328±0.0102 (0.327, [7-15])
−(0.77)2 2.492±0.0043 (0.689, [7-14]) 3.908±0.0110 (0.308, [7-15])
−(0.99)2 2.006±0.0047 (0.622, [7-14]) 3.188±0.0130 (0.548, [7-15])
−(1.10)2 1.586±0.0051 (0.525, [7-14]) 2.587±0.0159 (0.959, [7-15])
−(1.15)2 1.289±0.0058 (0.456, [7-14]) 2.179±0.0206 (1.319, [7-15])
−(1.18)2 1.023±0.0072 (1.359, [7-14]) 1.828±0.0293 (1.683, [7-15])
−(1.20)2 0.717±0.0115 (0.499, [7-12]) 1.324±0.1144 (2.439, [11-15])
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FIG. 5: The lattice results for scalar-quark hadrons for the
negative region of bare scalar-quark mass squared m2φ: (a)
scalar-quark meson mass squared M2
φ†φ
v.s. m2φ, (b) scalar-
quark baryon mass squared M2φφφ v.s. m
2
φ, and (c) the ratio
Mφφφ/Mφ†φ v.s. m
2
φ. Both the scalar-quark meson mass and
the scalar-quark baryon mass become almost zero at about
m2φ ≃ −(1.2GeV)
2. Except for the large negative region of
m2φ, one observes the relation of the “constituent scalar-quark
picture” as Mφφφ/Mφ†φ ≃ 1.5 denoted by the dotted line.
V. RESULTS FOR CHIMERA HADRONS
Next, we show lattice QCD results for the mass of
chimera hadrons: chimera mesons φ†ψ and chimera
baryons, ψψφ and φφψ. Figures 6, 7 and 8 show the
mass of chimera mesons φ†ψ and chimera baryons, ψψφ
and φφψ, plotted against the pion mass M2π . The panels
(a), (b), (c) and (d) of each figure are the masses of each
hadron at mφ = 0, 110, 220 and 330MeV, respectively,
plotted against M2π . The data at M
2
π = 0 is obtained
from linear extrapolation and the solid lines denote the
best-fit linear functions of the data. In panel (e) of each
figure, the central values of panels (a) (b) (c) (d) are
plotted all together. Different symbols of panel (e) of
each figure correspond to the different bare scalar-quark
mass mφ (circle: mφ=0, square: mφ=0.11GeV, triangle:
mφ=0.22GeV, diamond: mφ=0.33GeV). Table VI is the
summary of the mass of chimera hadrons.
In Fig. 6, the large mass of chimera mesons φ†ψ can
be seen. The extrapolated value of Mφ†ψ at M
2
π = 0
and mφ = 0 is 1.86GeV. Similar to scalar-quark hadron
masses, Mφ†ψ is very large compared to ordinary low-
lying mesons composed of light quarks. Also, we find
“constituent scalar-quark/quark picture”, i.e., Mφ†ψ ≃
Mφ + Mψ for Mφ ≃1.5GeV and Mψ ≃ 400MeV. The
constituent scalar-quark mass Mφ ≃1.5GeV is consistent
with that estimated from scalar-quark hadron masses.
Concerning the dependence of mφ and Mπ, mφ depen-
dence is rather weak compared to Mπ. In fact, the
mass difference between Mφ†ψ(mφ = 0,M
2
π = 0) and
Mφ†ψ(mφ = 0.33GeV,M
2
π = 0) is only 43MeV, while
the difference of mφ is 330MeV (we refer the mass M at
mφ = α and Mπ = β to M(mφ = α,M
2
π = β
2)). On
the other hand, the mass difference between Mφ†ψ(mφ =
0,M2π = 0) and Mφ†ψ(mφ = 0,M
2
π = (0.75GeV)
2) is
about 120MeV. This value is the same order of the differ-
ence ofmψ , δmψ ≃ 190MeV, estimated from the relation
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FIG. 6: The mass of chimera mesons, Mφ†ψ, plotted against
pion mass squared M2pi in the unit of GeV
2. (a), (b), (c) and
(d) are Mφ†ψ at mφ = 0, 110, 220 and 330MeV, respectively,
plotted against M2pi . The data at M
2
pi = 0 is obtained from
linear extrapolation, and the solid line denote the best-fit lin-
ear function of the data. In (e), the central values of (a),
(b), (c) and (d) are plotted all together. Different symbols
correspond to the different bare scalar-quark mass mφ (cir-
cle: mφ=0, square: mφ=0.11GeV, triangle: mφ=0.22GeV,
diamond: mφ=0.33GeV).
2mψa = 1/κ− 1/κc.
As for the chimera baryon ψψφ, the same tendency as
chimera mesons φ†ψ is observed in Figs. 6 and 7 in terms
ofmφ andMπ dependence. We find also the “constituent
scalar-quark/quark picture”: Mψψφ ≃ Mφ + 2Mψ for
Mφ ≃ 1.5GeV and Mψ ≃ 400MeV. mφ-dependence
of Mψψφ is weak and is almost the same as that of
chimera meson. For Mπ-dependence, the difference be-
tweenMψψφ(mφ = 0,M
2
π = 0) andMψψφ(mφ = 0,M
2
π =
(0.75GeV)2) is about 320MeV. This is about the same
value of 2δmψ ≃ 380MeV. The factor 2 is from the fact
that the chimera baryon ψψφ includes two ψ’s.
For the chimera baryon φφψ, we can see that it has
the same tendency as chimera mesons φ†ψ and chimera
baryons ψψφ in terms of mφ and Mπ dependence from
Figs. 6, 7 and 8. Constituent scalar-quark/quark pic-
ture, Mφφψ ≃ 2Mφ + Mψ for Mφ ≃ 1.6GeV and
Mψ ≃ 400MeV, is satisfied. The magnitude of mφ-
dependence of Mφφψ is about twice larger than that of
chimera mesons, because the chimera baryon φφψ has
two φ’s. mψ-dependence is almost the same as that of
 2.1
 2.2
 2.3
 2.4
 2.5
 2.6
 2.7
 0  0.1  0.2  0.3  0.4  0.5  0.6
M
ψ 
ψ 
φ (
Ge
V)
Mpi
2
 (GeV2)
(a)  ψ ψ φ, mφ=0
 2.1
 2.2
 2.3
 2.4
 2.5
 2.6
 2.7
 0  0.1  0.2  0.3  0.4  0.5  0.6
M
ψ 
ψ 
φ (
Ge
V)
Mpi
2
 (GeV2)
(b)  ψ ψ φ, mφ=0.11GeV
 2.1
 2.2
 2.3
 2.4
 2.5
 2.6
 2.7
 0  0.1  0.2  0.3  0.4  0.5  0.6
M
ψ 
ψ 
φ (
Ge
V)
Mpi
2
 (GeV2)
(c)  ψ ψ φ, mφ=0.22GeV
 2.1
 2.2
 2.3
 2.4
 2.5
 2.6
 2.7
 0  0.1  0.2  0.3  0.4  0.5  0.6
M
ψ 
ψ 
φ (
Ge
V)
Mpi
2
 (GeV2)
(d)  ψ ψ φ, mφ=0.33GeV
 2.25
 2.3
 2.35
 2.4
 2.45
 2.5
 2.55
 2.6
 0  0.1  0.2  0.3  0.4  0.5  0.6
M
ψ 
ψ 
φ (
Ge
V)
Mpi
2
 (GeV2)
(e)  ψ ψ φ
FIG. 7: The mass of chimera baryons, Mψψφ, plotted against
pion mass squared M2pi in the unit of GeV
2. The notation,
unit and notices are same as that of Fig. 6
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FIG. 8: The mass of chimera baryons, Mφφψ, plotted against
pion mass squared M2pi in the unit of GeV
2. The notation,
unit and notices are same as that of Fig. 6.
9TABLE VI: The mass of chimera hadrons (bound states of scalar-quarks φ and quarks ψ) in term of the bare scalar-quark mass
mφ and hopping parameter κ at a
−1
≃ 1.1GeV. Mφ†ψ, Mψψφ and Mφφψ denote the mass of chimera mesons φ
†ψ and chimera
baryons (ψψφ, φφψ), respectively. The unit is GeV. χ2/Ndf and fit ranges are also listed. The values at κ = κc, i.e., Mpi = 0,
are obtained from linear extrapolation. Error estimate is done by the jackknife method.
mφ κ Mφ†ψ (χ
2/Ndf , [fit range]) Mψψφ (χ
2/Ndf , [fit range]) Mφφψ (χ
2/Ndf , [fit range])
0.00 κc 1.862±0.013 2.230±0.037 3.558±0.029
0.1650 1.914±0.008 (0.485, [7-12]) 2.366±0.022 (0.041, [8-11]) 3.607±0.017 (0.142, [7-12])
0.1625 1.950±0.007 (0.437, [7-12]) 2.464±0.018 (0.173, [8-11]) 3.637±0.014 (0.220, [7-12])
0.1600 1.986±0.006 (0.460, [7-12]) 2.558±0.016 (0.615, [8-11]) 3.672±0.013 (0.383, [7-12])
0.11 κc 1.867±0.013 2.235±0.037 3.568±0.029
0.1650 1.929±0.008 (0.483, [7-12]) 2.371±0.022 (0.043, [8-11]) 3.616±0.017 (0.143, [7-12])
0.1625 1.955±0.007 (0.436, [7-12]) 2.470±0.018 (0.169, [8-11]) 3.646±0.014 (0.220, [7-12])
0.1600 1.991±0.006 (0.459, [7-12]) 2.564±0.016 (0.608, [8-11]) 3.681±0.013 (0.383, [7-12])
0.22 κc 1.883±0.013 2.250±0.037 3.596±0.029
0.1650 1.934±0.008 (0.478, [7-12]) 2.386±0.022 (0.051, [8-11]) 3.644±0.017 (0.145, [7-12])
0.1625 1.969±0.007 (0.432, [7-12]) 2.484±0.018 (0.155, [8-11]) 3.674±0.014 (0.219, [7-12])
0.1600 2.005±0.006 (0.454, [7-12]) 2.578±0.016 (0.587, [8-11]) 3.709±0.013 (0.382, [7-12])
0.33 κc 1.905±0.013 2.273±0.038 3.643±0.029
0.1650 1.957±0.008 (0.470, [7-12]) 2.409±0.023 (0.064, [8-11]) 3.690±0.017 (0.150, [7-12])
0.1625 1.993±0.007 (0.425, [7-12]) 2.507±0.018 (0.135, [8-11]) 3.720±0.014 (0.216, [7-12])
0.1600 2.029±0.006 (0.454, [7-12]) 2.601±0.016 (0.554, [8-11]) 3.754±0.013 (0.381, [7-12])
chimera mesons.
The small mφ-dependence of chimera hadrons can be
explained by the following simple theoretical consider-
ation. As was already mentioned in Sec. IV, we find
the relation among Mφ, mφ and Σφ as M
2
φ ≃ m
2
φ + Σφ
in Eq.(21), where the self-energy Σφ has only weak mφ-
dependence and is almost constant. On the other hand,
the mass of the chimera hadron including nφφ’s and
nψψ’s, Mnφφ+nψψ , is approximately described by
Mnφφ+nψψ ≃ nφMφ + nψMψ. (23)
Using Eqs. (21) and (23), we obtain for |m2φ| ≪ Σφ the
relation between Mnφφ+nψψ and m
2
φ as
Mnφφ+nψψ ≃ (nφ
√
Σφ + nψMψ) +
nφ
2
m2φ√
Σφ
≃ Km2φ + (mφ-independent part) (24)
up to the first order of the expansion by m2φ/Σφ. In
our calculation range of |m2φ| ≤ (0.33GeV)
2, |m2φ| is
much smaller than Σφ ≃ (1.5GeV)
2, i.e., |m2φ|/Σφ ≃
0.048(≪ 1), and hence this expansion is expected to
be rather good. The slope parameter K is theoreti-
cally conjectured as K = nφ/(2
√
Σφ). We show in
Fig. 9 the chimera meson mass Mφ†ψ and the chimera
baryon mass, Mψψφ and Mφφψ, plotted against the
bare scalar-quark mass squared m2φ at the pion mass
Mπ ≃ 0.49GeV. In the figure, we observe the linear
m2φ-dependence for all the chimera hadrons. The slopes
of these lines are 0.395GeV−1 for φ†ψ, 0.395GeV−1 for
ψψφ and 0.767GeV−1 for φφψ from the lattice data.
On the other hand, the slope K is nφ/(2
√
Σφ) for the
chimera hadron including nφφ’s from the theoretical con-
jecture of Eq.(24): the theoretical estimate of the slope
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FIG. 9: Chimera meson mass Mφ†ψ, chimera baryon mass
Mψψφ and chimera baryon mass Mφφψ plotted against bare
scalar-quark mass squared m2φ in unit of GeV. The pion mass
of the figure data is Mpi ≃ 0.49GeV. Linear dependence of
these masses for m2φ can be seen.
K is 0.333GeV−1 for φ†ψ, 0.333GeV−1 for ψψφ, and
0.666GeV−1 for φφψ. The values of slopes from lattice
data approximately agree with those from the theoretical
estimation. Thus, m2φ-dependence of the chimera hadron
masses can be explained with Eq. (24), and the mφ-
dependence is rather weak due to the large self-energy
of scalar-quarks, Σφ.
Here, we also note the particular similarity between
chimera mesons φ†ψ and φφψ-type chimera baryons in
Figs. 6 and 8. To see this, we investigate the M2π-
dependence of chimera mesons φ†ψ and chimera baryons,
ψψφ and φφψ. The relation between the bare quark mass
mψ, the constituent quark mass Mψ and the self-energy
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for quarks, Σψ, is described as
Mψ ≃ mψ +Σψ. (25)
The bare quark mass mψ is proportional to the pion
mass squared M2π in the small mψ region, i.e., near
the chiral limit, from the Gell-Mann-Oaks-Renner rela-
tion, f2πM
2
π ≃ −2mψ〈q¯q〉, i.e., mψ ≃ kM
2
π with k ≡
−f2π/(2〈q¯q〉). Inserting Eq. (25) into Eq. (24), the mass
Mnφφ+nψψ of the chimera hadron including nφ φ’s and
nψ ψ’s is estimated in terms of m
2
φ and M
2
π as
Mnφφ+nψψ(m
2
φ,M
2
π) ≃ (nφ
√
Σφ + nψΣψ)
+
nφ
2
m2φ√
Σφ
+ nψkM
2
π. (26)
We investigate the mass difference,
∆Mnφφ+nψψ(m
2
φ,M
2
π)
≡ Mnφφ+nψψ(m
2
φ,M
2
π)−Mnφφ+nψψ(m
2
φ,M
2
π = 0)
≃ nψkM
2
π , (27)
for the chimera hadrons including nφ φ’s and nψ ψ’s.
Then, we expect the following relation near the chiral
limit as
∆Mφφψ ≃ ∆Mφ†ψ ≃ ∆Mψψφ/2 ≃ kM
2
π. (28)
Figure 10 shows ∆Mφ†ψ, ∆Mφφψ and ∆Mψψφ/2 plotted
against M2π at mφ = 0, 0.11, 0.22 and 0.33GeV. We find
a clear linear M2π-dependence for these chimera hadrons.
Since the four data with different values of mφ almost
coincides at each case of chimera hadrons, there is al-
most no mφ-dependence for these mass differences, in-
dicating that the quark in chimera hadrons is insensi-
tive to the bare scalar-quark mass mφ. We find the ac-
curate coincidence between ∆Mφ†ψ and ∆Mφφψ within
several MeV, and some deviation between these two and
∆Mψψφ/2. Therefore, we expect a similar structure be-
tween the chimera meson φ†ψ and the chimera baryon
φφψ, while the chimera baryon ψψφ is somewhat differ-
ent from these two chimera hadrons.
These features can be understood by the following
non-relativistic picture. Due to the large mass of the
scalar-quark, the wave-function of φ† in the chimera me-
son φ†ψ is localized near the center of mass of the sys-
tem, and the wave-function of ψ distributes around the
heavy anti-scalar-quark as shown in Fig.11(a). On the
other hand, for chimera baryons φφψ, two φ’s get close
in the one-gluon-exchange Coulomb potential due to their
heavy masses. Therefore, two φ’s behave like a point-like
“di-scalar-quark”. As a result, the structure of chimera
baryons φφψ is similar to that of chimera mesons φ†ψ:
the wave-function of φφ is localized near the center of
mass, and that of ψ distributes around φφ as shown in
Fig. 11(b). The difference between these two systems
is only the mass of the heavy object (Mφ for φ
†ψ and
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FIG. 10: ∆Mφ†ψ ≡ Mφ†ψ(m
2
φ,M
2
pi) − Mφ†ψ(m
2
φ,M
2
pi = 0),
∆Mψψφ/2 ≡ (Mψψφ(m
2
φ,M
2
pi) −Mψψφ(m
2
φ,M
2
pi = 0))/2 and
∆Mφφψ ≡ Mφφψ(m
2
φ,M
2
pi) − Mφφψ(m
2
φ,M
2
pi = 0) plotted
againstM2pi atmφ = 0, 0.11, 0.22 and 0.33GeV. Different sym-
bols correspond to the different types of the chimera hadrons
(triangle: chimera mesons φ†ψ, circle: chimera baryons φφψ
and square: chimera baryons ψψφ). The four data at mφ =
0, 0.11, 0.22 and 0.33 almost coincide at each case, indicating
mφ-independence for these mass differences. The difference
between ∆Mφ†ψ and ∆Mφφψ is only several MeV.
FIG. 11: Structure of chimera mesons φ†ψ and chimera
baryons φφψ. The wave-function of the quark ψ in the
chimera meson distributes around the heavy scalar-quark φ†.
Similar to chimera mesons, the wave-function of ψ in chimera
baryons distributes around the two φ’s localized near the cen-
ter of mass.
2Mφ for φφψ). The heavy-light system is mainly char-
acterized by the light object, because the heavy object
only give the potential and the reduced mass in the sys-
tem is almost the mass of the light object. We note that
such a similarity between the chimera meson φ†ψ and the
chimera baryon φφψ is originated from the large quan-
tum correction of bare scalar-quark mass mφ.
VI. CONCLUSION AND DISCUSSION
We have performed the first study for the light scalar-
quarks φ and their color-singlet hadronic states using
quenched SU(3)c lattice QCD in terms of their mass gen-
eration. We have investigated the scalar-quark bound
states (scalar-quark hadrons): scalar-quark mesons φ†φ
and scalar-quark baryons φφφ. We have also investigated
the bound states of scalar-quarks and quarks, which
we name “chimera hadrons”: chimera mesons φ†ψ and
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chimera baryons, ψψφ and φφψ. For the lattice QCD
calculation, we have adopted the standard plaquette ac-
tion for the gluon sector, and the Wilson fermion action
for the quark sector. We have presented the simplest lo-
cal and gauge-invariant lattice action of scalar-quarks.
We have adopted β ≡ 2Nc/g
2 = 5.70, which corre-
sponds to the lattice spacing a ≃ 0.18fm = (1.1GeV)−1,
and lattice size 163 × 32 (spatial volume V = (2.9fm)3).
For the bare scalar-quark mass, we have adopted mφ =
0.0, 0.11, 0.22 and 0.33GeV, and for the bare quark mass,
κ = 0.1650, 0.1625 and 0.1600. Fitting the temporal cor-
relator of each new-type hadrons by single exponential
function, we have extracted the mass of lowest state of
the hadrons.
For the scalar-quark hadrons, we have found their
large mass. The masses of scalar-quark mesons φ†φ
and scalar-quark baryons φφφ at mφ = 0 are about
3GeV and 4.7GeV, respectively. We have found the
constituent scalar-quark picture, i.e., Mφ†φ ≃ 2Mφ and
Mφφφ ≃ 3Mφ, where Mφ is the constituent scalar-quark
mass about 1.5GeV. We have also found that, even in
the case of m2φ ≤ 0, the calculation can be performed
for m2φ ≥ −(1.2GeV)
2. mφ-dependence of scalar-quark
hadron masses squared is linear with respect to m2φ ex-
cept for the large negative region of m2φ. This is natu-
ral because the relation between the constituent scalar-
quark mass Mφ and bare scalar-quark mass mφ is writ-
ten as M2φ = m
2
φ + Σφ. For the chimera hadrons, we
have also found their large masses: Mφ†ψ ≃ 1.9GeV,
Mψψφ ≃ 2.2GeV and Mφφψ ≃ 3.6GeV, for mφ = 0
and Mπ. The constituent scalar-quark/quark picture
is also satisfied, i.e., Mmφ+nψ ≃ mMφ + nMψ, where
constituent scalar-quark massMφ =1.5-1.6GeV and con-
stituent quark mass Mψ =400MeV. mφ-dependence of
chimera-hadron masses is weak and the bare quark mass
mψ seems to govern their systems in our calculated range
of mφ and mψ. The small mφ-dependence of chimera
hadrons can be explained by a simple theoretical consid-
eration. Due to the large mass generation of φ, there oc-
curs similarity of the structure between chimera mesons
φ†ψ and chimera baryons φφψ.
The large mass generation of the scalar-quark φ re-
flects the general argument of large quantum correc-
tions for scalar particles. As other famous example,
the Higgs scalar field suffers from large radiative correc-
tions in the Grand Unified Theory (GUT), and to real-
ize the low-lying mass of the Higgs scalar inevitably re-
quires “fine tuning” related to the gauge hierarchy prob-
lem [24, 34]. In fact, while the typical energy scale of
the electro-weak unification is about O(102GeV) and the
Higgs scalar mass is to be also O(102GeV), the GUT
scale, i.e., the typical energy scale of the electro-weak and
strong unification, is conjectured to be extremely large as
EGUT ∼ 10
15−16GeV. In the simple GUT scenario, the
standard model is regarded as an effective theory appli-
cable up to the GUT scale EGUT, which can be identified
as the cutoff scale of the standard model as Λ ∼ EGUT.
For the self-energy of the Higgs scalar, ΣH, there appears
a large quantum correction including second-order diver-
gence as ΣH ∼ Λ
2, with the cutoff parameter Λ. This is
because scalar particles do not have symmetry restriction
like the chiral symmetry for light fermions and the gauge
symmetry for vector gauge bosons. Therefore, it is nat-
ural that the Higgs scalar receives huge quantum correc-
tion of order EGUT, and, in order to realize the low-lying
physical Higgs mass of order 102GeV, an extreme fine
tuning is necessary for the bare mass of the Higgs scalar.
This is the problem of fine tuning for the Higgs scalar.
In lattice QCD, the self-energy of scalar-quarks Σφ also
receives a large quantum correction including the second-
order divergence as Σφ ∼ Λ
2, similar to the Higgs scalar.
Since the constituent mass Mφ of the scalar-quark satis-
fies the relation of M2φ ≃ m
2
φ + Σφ with the bare mass
mφ from a general argument of the scalar field, the con-
stituent scalar-quark mass Mφ takes a large value even
at mφ = 0 as Mφ ≃ Σ
1/2 ∼ Λ. Note here that the lattice
QCD can be regarded as a cutoff theory with the cut-
off about the lattice spacing as Λ ∼ a−1. Actually, the
quantum correction to the scalar-quark mass is found to
be about 1.5GeV in this lattice study, which is approxi-
mately the same order of the cutoff scale a−1 ≃ 1.1GeV.
(From a finer lattice calculation at β=6.10 in Appendix,
the large quantum correction for the scalar-quark mass is
conjectured to be proportional to the lattice cutoff scale.)
In this way, the large quantum correction to the scalar-
quarks is naturally explained.
Here, we comment on the continuum limit of the sys-
tem including scalar-quarks. As was already shown, the
quantum correction for the scalar-quark mass is quite
large and becomes infinite in the continuum limit, which
is indicated by a finer lattice calculation at β=6.10 in
Appendix. To take the continuum limit with keeping the
(constituent) scalar-quarkmass finite, one has to tune the
bare scalar-quark mass so as to make the related physical
quantities like scalar-quark hadron masses finite, during
the decrease of lattice spacing. In the fine-tuned case, the
bare scalar-quark mass squared becomes negative infin-
ity so as to cancel the infinitely large quantum correction.
In this way, the continuum limit where the (constituent)
scalar-quark mass is finite can be achieved by tuning the
bare mass of scalar-quarks in principle. However, without
such a fine tuning, the scalar-quark systems are conjec-
tured to be infinitely massive and to lose the physical
relevance in the continuum limit, because of the large
quantum correction for the scalar-quark mass. This sit-
uation is rather different from that of fermion systems in
QCD, where such a fine tuning of the bare mass is not
needed.
To include dynamical scalar-quarks is one of the possi-
ble future works. Since the scalar-quarks are described to
be Grassmann-even variables like real numbers, we can
set the scalar-field variable φ(x) directly on the lattice
using real numbers, and perform the actual Monte Carlo
calculation including dynamical scalar-quark using the
standard heat-bath algorithm. This point is essentially
different from the case of fermions: since fermions are de-
12
FIG. 12: Schematic figure for dynamical mass generation of
colored particles. Even without chiral symmetry breaking,
colored particles generally acquire a large effective mass due
to dressed gluons.
scribed by Grassmann-odd variables, to include the dy-
namical effect of fermions in the Monte Carlo calculation,
a huge calculation of fermionic determinant is needed. In
contrast, to include the dynamical scalar-quarks, we need
not to perform the huge calculation of functional deter-
minant of the scalar field. However, the dynamical effect
of such a “heavy” scalar-quark is expected to be small in
the actual calculation, considering the large constituent
scalar-quark mass generation as Mφ ≃ 1.5-1.6GeV.
In terms of the diquark picture, we find that the point-
like diquarks interacting with gauge fields have large mass
about 1.5GeV at the cutoff a−1 ≃ 1GeV which is about
the hadronic scale. The diquark mass of about 1.5GeV is
too heavy to use in effective models of hadrons. There-
fore, the lattice result indicates that the simple modeling
which treats the diquark as a local scalar field at the scale
of a−1 ∼ 1GeV in QCD is rather dangerous. If we treat
the diquark as a point-like object, we must do the subtle
tuning of the diquark model, and the model cannot be
so simple one like QCD.
In this way, even without chiral symmetry breaking,
large dynamical mass generation occurs for the scalar-
quark systems as scalar-quark/chimera hadrons. To-
gether with the large glueball mass (> 1.5GeV) and
large difference (∼ 400MeV) between current and con-
stituent charm-quark masses, this type of mass genera-
tion would be generally occurred in the strong interac-
tion, and therefore we conjecture that all colored parti-
cles generally acquire a large effective mass due to dressed
gluon effects as shown in Fig. 12.
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APPENDIX A: SCALAR-QUARK MESON MASS
AT β = 6.10
In this appendix, regarding the scalar-quark as a point-
like object, we investigate the scalar-quark meson mass
Mφ†φ with a finer lattice at β = 6.10 to check the approx-
imate relation that the large self-energy for scalar-quarks
is almost proportional to the cutoff scale as
√
Σφ ∝ a
−1.
The lattice spacing a at β = 6.10 is about twice smaller
(a ≃ 0.086fm ≃ (2.3GeV)−1 [35]) than that at β = 5.70
(a ≃ 0.18fm ≃ (1.1GeV)−1), so that the ultraviolet cut-
off at β = 6.10 is about twice larger than that at β=5.70.
We summarize the parameters of the lattice calculation
in Table VII.
TABLE VII: Parameters and relevant quantities of lattice
QCD calculations at β = 6.10.
β Lattice size a−1 Nconf bare mass mφ [a
−1]
6.10 163 × 24 2.3 GeV 100 0.0, 0.25, 0.5, 0.75, 1.0
TABLE VIII: Scalar-quark meson mass Mφ†φ in term of the
bare scalar-quark mass mφ at a
−1
≃ 2.3GeV. χ2 over de-
grees of freedom Ndf and fit ranges are also listed. The error
estimate is done by the jackknife method.
mφ [a
−1] Mφ†φ [GeV] (χ
2/Ndf , [fit range])
0 5.525±0.0071 (2.643, [8-10])
0.5 6.030±0.0068 (1.495, [9-11])
1.0 7.244±0.0070 (0.067, [9-11])
1.5 8.664±0.0074 (0.248, [9-11])
2.0 10.043±0.0074 (3.212, [9-11])
The lattice result for the scalar-quark mass at β = 6.10
is summarized in Table VIII. We show in Fig.13 the re-
lation between the scalar-quark mass Mφ†φ and the bare
scalar-quark mass mφ at β = 6.10. The m
2
φ-dependence
of M2φ†φ is found to be approximately linear. Similar to
the case at β = 5.70, this behavior can be explained with
the constituent scalar-quark picture of Mφ†φ ≃ 2Mφ and
M2φ ≃ m
2
φ + Σφ, with Σφ being almost mφ-independent.
At β=6.10, the scalar-quark meson massMφ†φ atmφ = 0
is found to be about 5.5GeV, and thus the self-energy for
scalar-quarks is estimated as
√
Σφ ≃ 2.8GeV, which is
about twice larger than that at β=5.70.
We compare the lattice result at β = 6.10 with that
at β = 5.70 for the scalar-quark meson mass Mφ†φ in
the case of mφ = 0, because of Mφ†φ ≃ 2
√
Σφ in the
constituent picture. Formφ = 0, we find the approximate
scaling relation as
(Mφ†φa)|β=6.10
(Mφ†φa)|β=5.70
≃ 0.9, (A1)
which indicates a large quantum correction as
√
Σφ ∝
a−1 mentioned in Sec. VI. In this way, if one considers
the point-like scalar-quark, its self-energy Σφ diverges in
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FIG. 13: The lattice results for scalar-quark mesons φ†φ at β = 6.10: (a) The scalar-quark meson mass Mφ†φ plotted against
the bare scalar-quark mass mφ and (b) M
2
φ†φ
against m2φ. A large mass of scalar-quark mesons about 5.5GeV even at mφ = 0
and approximate linear m2φ-dependence of M
2
φ†φ
are observed.
the continuum limit, and hence, to eliminate the diver-
gence depending on the cutoff, one needs a fine tuning
of the bare scalar-quark mass mφ. For the argument of
the diquark, however, there appears a natural cutoff cor-
responding to its intrinsic size as a composite object.
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